Arterial wave transit time (τ w ) in the lower body circulation is an effective biomarker of cardiovascular risk that substantially affects systolic workload imposed on the heart. This study evaluated a method for determining τ w from the vascular impulse response on the basis of the measured aortic pressure and an assumed triangular flow (Q tri ). The base of the unknown Q tri was constructed with a duration set equal to ejection time. The timing of the peak triangle was derived using a fourth-order derivative of the pressure waveform. Values of τ w s obtained using Q tri were compared with those obtained from the measure aortic flow wave (Q m ). Healthy rats (n = 27), rats with chronic kidney disease (CKD; n = 22), and rats with type 1 (n = 22) or type 2 (n = 11) diabetes were analyzed. The cardiovascular conditions in the CKD rats and both diabetic groups were characterized by a decrease in τ w s. The following significant relation was observed (P < 0.0001): τ w triQ = −1.5709 + 1.0604 × τ w mQ (r 2 = 0.9641). Our finding indicates that aortic impulse response can be an effective method for the estimation of arterial τ w by using a single pressure recording together with the assumed Q tri .
by using a cross-correlation of modified forward and backward waves. Another method for determining wave transmission time entails using the vascular impulse response function in the arterial system. In 1980, Sipkema et al. 10 revealed the presence of clear peaks in impulse response, and the measurement of the time intervals between these peaks enabled them to calculate the return time of the reflected wave traveling back to the ascending aorta.
In this study, we evaluated a method for determining τ w from the impulse response of the filtered aortic input impedance (Z i ) on the basis of the measurement of a single aortic pressure pulse and an assumed triangular flow wave (Q tri ). The base of the unknown Q tri was constructed with a duration set equal to ejection time. The timing of the peak triangle, which was close to the peak of the measured aortic flow (Q m ), was derived from the fourth-order derivative of the pressure waveform. RM and RI were calculated from the forward and backward components of the pressure pulse by using wave separation analysis. Healthy rats (NC), rats with chronic kidney disease (CKD), and rats with type 1 or type 2 diabetes mellitus (DM) were analyzed. The values of τ w and RM and RI obtained using Q tri were compared with those obtained from Q m .
Results
Measurements were performed in the NC, CKD, and type 1 and type 2 DM groups. Their baseline characteristics are displayed in Table 1 . The CKD rats exhibited impaired renal function, as manifested by increased serum creatinine (SCr) and blood urea nitrogen (BUN). The hemodynamic condition in the rats with CKD was characterized by (1) no alteration in basal heart rate (HR) and cardiac output (CO) and (2) an augmentation in systolic (P s ), diastolic (P d ), and mean (P m ) pressures in the aorta. The notable increase in P m was the dominant factor responsible for the increase of 52.7% in total peripheral resistance (R p ) in the CKD rats compared with the NC. The rats with streptozotocin (STZ)-induced type 1 DM had higher blood glucose levels associated with a decrease in body weight (BW). Table 1 also illustrates that, partially protected by nicotinamide (NA), the STZ-NA-induced type 2 DM elicited moderate and stable hyperglycemia and prevented STZ-induced hypoinsulinemia and BW loss. Both diabetic groups showed significant declines in HR, but not in aortic pressure profiles. With unchanged P m , the decreased CO was the predominant factor responsible for an increase in R p in the rats with type 2 DM. Figure 1 exemplifies the construction of an uncalibrated triangular flow from the measured pressure waveform in a healthy rat. The base of the triangle is constructed with a duration set equal to ejection time. The start and end time points of ejection are identified as the intersection of two tangential lines around the foot of the pressure wave (first vertical blue line) and that around the incisura (third vertical blue line), respectively. After ejection commenced, the peak of the triangle is set at the first zero crossing (from above to below) on the fourth-order derivative of the aortic pressure wave (second vertical blue line). Thus, the uncalibrated flow is approximated by a triangle, which is represented by the green line. Figure 2 shows the similarity between the measured aortic impulse response obtained from the measured pressure and Q m (A) and the predicted aortic impulse response obtained from the measured pressure and Q tri (B). In A and B, the dashed green line indicates that the aortic characteristic impedance (Z c ) component of the vascular impulse response has been removed. One-half of the time difference between the appearance of the reflected peak (long arrow) and the initial peak (short arrow) approximates arterial τ w in the lower body circulation. The similarities between the measured forward and backward pressure waves (C) and the predicted forward and backward pressure waves (D) are also presented. In C and D, the amplitudes (peak-trough) of the backward and forward pressure waves are represented by |P b | and |P f |, respectively. RI mQ (r 2 = 0.8377; P < 0.0001) is provided in Fig. 3B . Figure 3C displays the regression line between τ w triQ and τ w mQ as being τ w triQ = − 1.5709 + 1.0604 × τ w mQ (r 2 = 0.9641; P < 0.0001). 
Discussion
In 2006, Westerhof et al. 8 demonstrated an accurate estimate of RM and RI obtained from the measurement of a single pressure pulse and an uncalibrated triangular flow pulse for ventricular ejection. The present study elaborates this concept by determining τ w by using an aortic impulse response analysis. We discovered that in addition to wave reflection magnitude measures, the arterial τ w in the lower body circulation could be approximately estimated using the measured aortic pressure alone in various diseased animals.
It is generally recognized that Z i can completely describe the physical properties of an arterial system 4, 11 . Another method of characterizing arterial systems entails using the aortic impulse response function. Conceptually, the impulse response of any linear, time− invariant system, which the vascular system approximates 4 , may be considered as output resulting from the input of an infinitely narrow pulse of a unit area, termed an impulse. Thus, Fourier transformation of the impulse response generates input impedance, and inverse Fourier transformation of the impedance generates the impulse response 12, 13 . Although the impulse response of the arterial system is a time− domain equivalent to its input impedance in the frequency domain, they emphasize different aspects of the system.
Regarding the study of the vascular impulse response, the input is an impulse of flow, and the output is the resulting pressure measured in the ascending aorta. In 1980, Sipkema et al. 10 directly applied a flow impulse to the vasculature to study the impulse response of the arterial system. They discovered that the impulse response exhibited an initial sharp peak, followed by an exponential decay with two peaks superimposed on it. An alternative indirect method they employed to obtain the aortic impulse response involved using an inverse Fourier transformation of Z i . This was accomplished through the inverse transformation of Z i after being filtered by a DolphChebychev weighting function 12 . The Dolph-Chebyshev filter is used to reduce spurious oscillations introduced by truncation of the impedance. Their results demonstrated strong agreement between the directly measured and indirectly derived impulse response functions of the arterial system.
For this study, the impulse response of the arterial system was calculated using an inverse Fourier transform of Z i by applying a method proposed by Laxminarayan et al. 12 . Figure 2 presents the aortic impulse response functions of a healthy rat derived from the measured pressure and Q m (2 A), and those calculated from the measured pressure and assumed Q tri (2B). The green curve displays the two discrete reflection peaks in the vascular impulse response, which represent pressure reflections linked to the effective reflection sites in the asymmetric T-tube model of the arterial tree 14 . There is no doubt that geometric and elastic tapering and branching of the mammalian arterial tree contribute to multiple reflection sites 3, 4 . These multiple reflection sites result in diffuse reflections, which characterize the prolonged pressure decay 10 . The presence of two discrete reflection peaks in the vascular impulse response represents pressure reflections from two effective reflection sites 14 . These discrete reflections contribute to the oscillations of moduli and phase in the vascular impedance spectra. It is important to realize that there is no single anatomic structure or change located at these effective reflection sites, but rather they represent the summation of effects of multiple distance reflections. The effective upper body distal to the origin of the subclavian and brachiocephalic vessels generates the first reflection peak and the lower body distal to the descending aorta generates the second reflection peak 10 . Present evidence suggests that these larger vascular reflections probably originate at terminal arterioles 15 . Because the apparent time of the first peak is heavily influenced by early diffuse reflections 15 , we considered the second peak (long arrow in Fig. 2A,B) as the standard for the calculation of τ w in the lower body circulation. The time of the initial peak (short arrow in Fig. 2A,B ) was used as a reference.
According to the Moens and Korteweg formula 16 , as arterial stiffness increases, pulse wave velocity (c 0 ) increases and thereby shortens the traveling time of the forward and reflected pressure waves. Being relatively independent to body shape 3,4,11 , arterial τ w , which is inversely related to c 0 , was derived to represent the distensibility of aortas in the lower body circulation; the stiffer the aortic wall is, the shorter the arterial τ w , and vice versa. The CKD rats and both diabetic groups exhibited a decline in aortic distensibility compared with the NC, as manifested by a reduction in τ w mQ (Fig. 5C ). An increase in aortic stiffness could also be reflected in the reduction in τ w triQ (Fig. 5F ). A reduction in τ w suggested that CKD and DM caused an early return of pulse wave reflection from the peripheral circulation. Both the CKD and DM contributed to a significant rise in RM mQ (Fig. 5A ) and RI mQ (Fig. 5B) , which indicates heavy reflection intensity in the vasculature. Augmented RM triQ (Fig. 5D ) and RI triQ (Fig. 5E) were also observed in the CKD rats and both diabetic groups. Thus, changes in τ w , RM, and RI, evaluated using either Q m or Q tri suggest that CKD and DM may modify the timing and magnitude of pulse wave reflection, resulting in an increase in the systolic workload imposed on the heart. These findings indicate that the measured aortic pressure alone, associated with an uncalibrated Q tri , can reveal arterial wave properties in various diseased animals.
This study has several limitations 17 . Because Z i cannot be measured in conscious animals, evaluating the effects of pentobarbital anesthesia on rats is impossible. The results reported here pertain only to the measurements made in anesthetized rats in an open-chest condition. This condition might have induced changes in the aortic pressure profiles and introduced reflex effects not found in ordinary conditions. The degree to which anesthesia and thoracotomy influence the pulsatile hemodynamics in rats is uncertain. However, studies conducted using other animals suggest that the effects are minor relative to the biological and experimental variability between animals 18 .
Conclusions
We propose a method for determining the arterial τ w from the impulse response of Z i on the basis of the measured aortic pressure and an assumed triangular flow. The base of the uncalibrated Q tri was constructed with a duration set equal to the ejection time derived from measured pressure. After ejection commenced, the timing of the peak triangle was set at the first zero crossing (from above to below) on the fourth-order derivative of the aortic pressure wave. The findings indicate that in addition to wave intensity measurements, τ w could be approximately calculated using the assumed Q tri , and exhibited strong correlation with that derived from Q m . The attractiveness of the study is that flow wave with triangular shape is derived from the measured pressure and that calibration of flow is not essential in the analysis. We suggest that aortic impulse response analysis can be used as an effective method for the estimation of arterial τ w in the lower body circulation by using a single pressure pulse recording.
Methods
Animals and catheterization. Two-month-old male Wistar rats were randomly divided into four groups:
(1) NC (n = 27), (2) CKD (n = 22), (3) type 1 DM (n = 22), and (4) type 2 DM (n = 11). Under anesthesia with sodium pentobarbital (50 mg kg −1 ; i.p.), CKD was induced by 5/6 subtotal nephrectomy (i.e., right nephrectomy and ligation of two branches of the left renal artery), according to the method by Floege et al. 19 . The levels of SCr . The blood glucose level was determined using a SURESTEP Test Strip (Lifescan Inc., Milpitas, CA, USA) to confirm the development of hyperglycemia. Studies on changes in arterial mechanics were performed 8 weeks after the induction of CKD and DM. All rats were allowed free access to Purina chow and water and housed under 12-hour light/dark cycles. The experiments were conducted according to the Guide for the Care and Use of Laboratory Animals, and our study protocol was approved by the Animal Care and Use Committee of National Taiwan University.
The general surgical procedures and method used to measure the cardiovascular variables in the anesthetized rats were performed as described previously 17 . In brief, the rats were anesthetized using intraperitoneal sodium pentobarbital (50 mg kg −1 ), placed on a heating pad, intubated, and ventilated with a rodent respirator (Model 131, New England Medical Instruments, Medway, MA, USA). The chest was opened through the second intercostal space on the right side. An electromagnetic flow probe (100 series, internal circumference 8 mm, Carolina Medical Electronics, King, NC, USA) was positioned around the ascending aorta to measure pulsatile Q m . A high-fidelity pressure catheter (Model SPC 320, size 2 F, Millar Instruments, Houston, TX, USA) was used to measure pulsatile aortic pressure through the isolated carotid artery on the right side. An electrocardiogram (ECG) of lead II was recorded using a Gould ECG/Biotach amplifier (Cleveland, OH, USA). Selective aortic pressure and flow signals from 5-10 beats were averaged in the time domain by using the peak R-wave of the ECG as a fiducial point. The timing asynchronicity between the pressure and flow signals caused by the spatial distance between the flow probe and the proximal aortic pressure transducer was corrected using a time-domain approach, wherein the foot of the pressure waveform was realigned with that of the flow 22 . The resulting aortic pressure and flow signals were subjected to further vascular impedance analysis 4, 11, 17 . Construction of the unknown flow wave with a triangular shape. The base of the unknown Q tri was constructed with a duration set equal to the ejection time derived from measured pressure 8 . The start and end time points of ejection were identified as the intersection of two tangential lines around the foot of the pressure wave (first vertical blue line in Fig. 1 ) and around the incisura (third vertical blue line in Fig. 1 ), respectively 17 . The timing of the peak triangle was derived from the fourth-order derivative of pressure waveform (pink curve in Fig. 1 ). After ejection commenced, the first zero crossing from above to below (second vertical blue line in Fig. 1 ) determined the peak triangle, which was close to peak of Q m 8, 23 . Thus, the unknown flow wave was approximated by a triangular shape, represented by the green curve (Q tri ).
Impulse response function curve. Z i was obtained from the ratio of ascending aortic pressure harmonics to the corresponding flow harmonics by using a standard Fourier series expansion technique 4, 11, 17 . Z c was computed by averaging the high-frequency moduli of Z i data points (fourth to tenth harmonics). The arterial τ w was computed using the impulse response function of Z i 10,15 . This calculation was performed using an inverse Fourier transformation of Z i after multiplying the first 12 harmonics by a Dolph-Chebychev weighting function with order 24 12, 17 . The green lines in Fig. 2A ,B indicate that the Z c component of the vascular impulse response was removed. One-half of the time difference between the appearance of the second reflected peak (long arrow) and the initial peak (short arrow) in the impulse response function curve approximates the τ w in the lower body circulation 10, 12 .
Arterial wave separation analysis. Regarding the time domain, the following equations are used to calculate the forward pressure wave (P f ) and backward pressure wave (P b ):
(1)
b c P(t) is the measured pressure wave, and Q(t) is either Q m or the assumed Q tri . As mentioned, Z i is the ratio of pressure and flow quantities. Thus, the product Z c × Q(t) in the preceding equations remains unaltered because the calculated Z c is twice as small when Q(t) is twice as large. This indicates that an absolute flow calibration is not required. With the measured aortic pressure, the forward and backward pressure waves calculated using Q m are illustrated in Fig. 2C , and those calculated using Q tri are shown in Fig. 2D 
Statistics.
Results are expressed as the mean ± standard error (s.e.). An independent Student's t test was performed to determine the statistical significance of the results for comparing the effects of CKD and both DM types on arterial wave properties with the NC. Statistical significance was assumed at the level of P < 0.05.
